Summary A field experiment was conducted during two consecutive growing seasons to determine and quantify the growth response of the olive (Olea europaea L. cv. Leccino) fruit and of its component tissues to tree water status. Pre-dawn leaf water potential (W w ) and fruit volume were measured at about weekly intervals, and fresh weight (FW) and dry weight (DW) of the fruit tissues at 15, 20 and 21 weeks after full bloom (AFB). Fruit anatomical sections were prepared at 8, 15 and 21 weeks AFB for area determinations and cell counts. Fruit volume of the well-watered trees (average W w = À0.97 MPa) increased rapidly and reached the greatest final size, that from the most stressed (average W w = À2.81 MPa) grew most slowly and were smallest. In general, equatorial transverse areas of the mesocarp increased with increasing W w , and this response was more evident at 21 than at 15 weeks AFB. By 21 weeks AFB, the mesocarp of the well-watered trees reached values more than three times higher than those measured at 8 weeks AFB. The endocarp FW and DW did not increase between 15 and 21 weeks AFB. Within each sampling date the endocarp area, FW and DW responded weakly to W w . The mesocarp-to-endocarp ratio (FW and DW) increased from 15 to 21 weeks AFB regardless of water status, mainly due to the mesocarp growth. In both years at 20 and 21 weeks AFB, low values of the mesocarp-toendocarp ratio were found with W w below À2.5 MPa. Within the mesocarp, cell size was more responsive to water deficit than to cell number. At 8 weeks AFB, the number of cells in the mesocarp was unaffected by tree water deficit, whereas cell size decreased, although slightly, in fruits sampled from trees in which W w was < À3.0 MPa. At 21 weeks AFB, cell size showed a linear decrease with increasing level of water deficit, whereas the number of cells at 21 weeks AFB decreased as the W w decreased below À2.5 MPa and seemed unaffected above that range. Overall, the results clarify the complexity of the water-induced response of mesocarp and endocarp growth and cellular processes of olive fruits.
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Introduction
The development of fleshy fruits is the result of complex interactions between genetic, metabolic, hormonal and environmental control, which eventually determine the size, shape (Tanksley 2004 ) and composition (Bollard 1970) . While fruit growth is accomplished by the combined processes of cell division and expansion, varietal differences in final fruit size appear to be related to the differences in the number of cells in olive (Rapoport et al. 2004b) , peach (Scorza et al. 1991, Quilot and Genard 2008) , sweet cherry (Olmstead et al. 2007 ) and Japanese pear (Zhang et al. 2006) . Drupes are composed of an internal stony endocarp surrounding the seed in addition to the fleshy mesocarp and the thin exocarp. The growth of endocarp and mesocarp, the two largest tissues both in size and energetic cost, is closely interrelated due to their common origin in the ovary pericarp. Yet, the endocarp and the mesocarp also appear to compete as sinks, as long proposed in interpreting the characteristic double sigmoid curve growth pattern (Hartmann 1949) , in which the slowdown of the fruit growth has been associated with pit hardening (Bollard 1970) . In the olive, 10 to as much as 30% of the fruit fresh weight (FW) may be that of the endocarp, depending on the cultivar (Del Rio and Caballero 2008) , crop load (Lavee and Wodner 2004) and water availability (d 'Andria et al. 2004 , Lavee et al. 2007 ).
In olive trees, soil moisture has been shown to be critical for fruit development and composition, as it induces the changes in size, maturation, oil accumulation and quality (Costagli et al. 2003 , Servili et al. 2007 ). The timing and the degree of water deficit have been reported to influence yield, fruit size, mesocarp weight, mesocarp-to-endocarp ratio, phenolic concentration and sensory properties of the oil (Moriana et al. 2003 , Gomez-Rico et al. 2007 , Lavee et al. 2007 ). The effect of tree water status on fruit size also appears to be dependent on the number of fruits borne on the tree ). Rapoport et al. (2004a) showed that an early water deficit selectively altered the growth of the mesocarp and the endocarp and that the capacity of the endocarp to recover once stress was relieved was greater than that of the mesocarp. Within the mesocarp, the cell size rather than the number of cells was reduced by water deficit. Similarly, a period of controlled water deficit in pear fruits affected cell size only (Marsal et al. 2000) . In both these studies, however, the trees were grown in containers, which might have limited both tree productivity and extension of the root system, and were subjected only to short (3.5-5 weeks) periods of water deficit.
Despite the importance of water for vegetative and reproductive processes in olive trees, the relationship between tree water status and fruit development is still poorly understood. Furthermore, there is hardly any quantitative information on the effect of water on mesocarp cell division and cell expansion. Our objective was to determine and quantify the growth response of the olive fruit and its component tissues to the degree of long-term water deficit experienced by highly productive trees, growing in the field without root restrictions. We also investigated how tree water status affected the cellular processes in the mesocarp at different stages of fruit development.
Materials and methods

Plant material and water status
Experiments were conducted using Olea europaea L. cv. Leccino trees, planted in 1998 at a density of 430 trees ha ).
Tree water status was manipulated during fruit development by supplying different amounts of water with the objective of maintaining the W w at different levels within a broad range of values, which spanned from well-watered (> À1 MPa) to severely-stressed trees (< À3 MPa) and also included intermediate levels of water deficit ). Trees received water by drip irrigation. Volumes were calculated by estimating effective evapotranspiration and then supplying about 100% and 50% to well-watered trees and deficit irrigated treatments, respectively. The stress-irrigated trees were originally intended not to receive any water but, because of the extremely hot summer of 2003, received about 240 m 3 ha
À1
, as reported in Gucci et al. (2007) . Each of the three irrigation regimes included all crop levels. The amount of water supplied throughout the experiment was adjusted depending on the weekly measurements of W w . The period during which water levels were controlled lasted from 30 June through 10 September 2003 and from 1 July through 14 October 2004. Details on the volumes and on the scheduling of water supplied were previously reported by Gucci et al. (2007) . Tree water status was assessed by W w measured at about weekly intervals using a pressure chamber (Tecnogas, Pisa, Italy) equipped with a three-hole lid for simultaneous measurements of three leaves (Gucci et al. 1999) . In brief, at the end of the night period one fully expanded leaf in the outer part of the canopy was excised from each of the experimental trees, placed in the chamber cylinder and then pressurized using nitrogen gas at a maximum rate of 0.02 MPa s
. The measured values were usually integrated over the respective sampling interval as explained below.
Fruit and tissue growth and development
Five fruits per tree in the south-east sector of the canopy were identified immediately at 6 and 3 weeks AFB in 2003 and 2004, respectively, and their volume measured non-destructively every week by water displacement in a graduated cylinder. Volume measurements were repeated on the same fruits throughout their development. At 8, 15 and 21 weeks AFB in 2003 and at 9, 15, 17 and 20 weeks AFB in 2004 , fruits similar to those measured for fruit volume were sampled, and their FW was determined. The mesocarp was separated from the endocarp (except at the 8 week AFB sampling date in 2003 when these tissues could not be separated) using a sharp blade, the FW of both tissues was measured and then the dry weight (DW) was determined after oven drying at 70°C to constant weight. In 2003, the endocarps sampled at 21 weeks AFB for anatomical studies (see below) were split open to remove the embryo-containing seeds. Seed length was measured, and then the seed was dried and weighed.
In 2003, five additional fruits per plant, similar in position and size to those used for destructive measurements of FW and DW, were fixed in FAE (formalin: acetic acid: 60% ethanol = 2:1:17 v/v) for anatomical studies. Mesocarp and endocarp area were determined on transverse slices at the point of widest fruit diameter, following the rehydration of the fixed fruits in a graded ethanol series (70, 50, 30 and 10% by volume) and staining overnight with very weak toluidine blue (a few drops of 0.05% aqueous toluidine blue stock solution added to 100 ml of water). At 8 weeks AFB, pit hardening had not been completed so 3-4 mm equatorial slices of the entire fruit were used for sectioning. At 15 and 21 weeks, however, it was necessary to first remove the hardened endocarp from the fruit and to cut the equatorial slices of only mesocarp tissue ( Figure 1 ). The measurements were made using an image analysis system (Leica QWIN 5001, Leica Imaging Systems Ltd., Cambridge, UK) connected to a stereo microscope (Leica MZ12, Leica Microsystems, Wetzler, Germany). For the 8 weeks AFB samples, total fruit and endocarp cross-sectional areas were measured, and the mesocarp area was calculated as the difference between these two tissues. For the pitted fruits (15 and 21 weeks AFB), caliper measurements of the pit diameter were used to calculate the endocarp area, assuming a circular shape. Then, the mesocarp area was determined by subtracting the calculated endocarp area for each fruit from the total fruit area measured in the preparations.
For the 8 and 21 weeks AFB samples, the measured fruit slices were then dehydrated and infiltrated according to the standard paraffin procedures, sectioned at 10-12 lm, and stained with toluidine blue O (Rapoport et al. 2004a ). For each fruit, a field of 150 mesocarp cells was counted, and its area was determined using the above-cited image analysis system connected to an ocular microscope (Nikon Labophot, Nikon Instruments Europe, B. V., Amstelveen, The Netherlands). Those data were used to determine the average cross-sectional area per cell and, in combination with mesocarp area, to calculate the total mesocarp cell number in the transverse sections ( Figure 1 ). To correct for shrinkage due to the histological procedures, fruit area was also measured on the prepared slides, and the values were correlated with those for the rehydrated slices, establishing a shrinkage factor of 82% calculated by regression across all water status levels at both sampling dates (Figure 2 ).
Data analysis
The original experimental design was a split plot, in which three irrigation regimes were the main plots and crop load the subplots. However, for this study only irrigation treatments were considered, and, where applicable, mean values were separated by least significant differences after analysis of variance using Statistix 9 package (Analytical Software, Tallahassee, FL). Replicate trees were 18 and 14 per irrigation treatment in the 2 years, respectively. In general, the relationships between fruit growth parameters and tree water status were analyzed by regression using Sigmaplot software (Jaendel Scientific, San Rafael, CA), unless otherwise stated.
Because of the changes in soil moisture during fruit development due to watering regimes for stressed trees and occasional rains, the level of water deficit experienced by each tree was related to the parameters of fruit growth by ). Daily integrated W w values were also used to identify the groups of trees with similar levels of water status over the entire experimental period.
Results
In 2003, both final fruit volume and the pattern by which it increased corresponded closely with water status level, so that the fruits of the well-watered trees (average W w = À0.97 MPa) grew most rapidly and reached the greatest final size, and those from the most-stressed ones (average W w = À2.81 MPa) grew most slowly and were the smallest ( Figure 3A ). For the well-watered trees, fruit volume increased steadily in an almost linear pattern, from the time when controlled watering was initiated at 6 weeks AFB, and a similar pattern was found in 2004 ( Figure 3B Figure  3A) , probably due to abundant rains that occurred at the beginning of September , whereas in 2004 fruit volume (average W w = À1.7 MPa) also increased after 11 weeks AFB, but was not enough to reach the values of the well-watered trees ( Figure 3B ).
At 8 weeks AFB, the equatorial transverse areas of both mesocarp and endocarp responded rather weakly to W w . A decrease in the areas of mesocarp and endocarp was apparent at about À2.5 and below À3.0 MPa, respectively ( Figure 4A and D) , the latter value corresponding approximately to the turgor loss point for olive leaves (Lo Gullo and Salleo 1988). As a result, the mesocarp-to-endocarp ratio in relation to the degree of water deficit was quite constant at that time ( Figure 4G ). At later sampling dates, the endocarp area remained virtually stable and showed a weak response to tree water status ( Figure 4E and F) . Mesocarp area, in contrast, continued to expand at 15 weeks AFB and by 21 weeks reached values more than three times higher than those measured at 8 weeks AFB in the wellwatered trees. At 15 weeks AFB, mesocarp area declined linearly with increasingly greater degrees of water deficit in the trees ( Figure 4B ), but at 21 weeks AFB it did not change for W w values above À1.5 MPa or below À3 MPa ( Figure 4C ). Due to the different response of mesocarp and endocarp to tree water status, when final fruit size was reached at 21 weeks AFB there was no clear relationship observed between the mesocarp-to-endocarp ratio and W w at above À2.5 MPa, although it was definitely lower below that threshold ( Figure 4I ).
If we pool the data according to the three original watersupply treatments, the endocarp weights (both dry and fresh) were significantly higher (by 69% and 76%) in fruits of the well-watered trees than in the two remaining groups of trees, with similar trends in both years (Table 1) . The DW/FW was consistently 0.77 and 0.82 in 2003 and 2004, respectively, for all treatments (data not shown). As for the mesocarp, the weights of the well-watered trees were significantly higher than those of the most-stressed trees, whereas values for the intermediate-stress level were similar to those for the most-stressed ones in 2004, but not in 2003 (Table 1 ). In 2003, at 15 weeks AFB the DW of the mesocarp was 28, 30 and 41% of the FW for the well-watered, intermediate-stressed and most-stressed trees, respectively, and at 21 weeks AFB it was 29, 34 and 43% for the three respective water regimes. In 2004, the mesocarp weights were smaller than in 2003. Seed DW was about 10% of the endocarp DW. Seed DW of the most-stressed trees was 75% of the least-stressed trees (Table 1) .
The mesocarp FW decreased linearly with increasing water deficit level at both 15 and 21 weeks AFB ( Figure 5A and B). In 2004, similar relationships, but with more dispersed data, were observed at 15, 17 and 20 weeks AFB (data not shown). For mesocarp DW, there was a slight decrease with decreasing W w at 15 weeks AFB, whereas at 21 weeks it was relatively stable until daily The mesocarp-to-endocarp ratio (both FW and DW bases) increased from 15 to 21 weeks AFB, mainly due to the mesocarp growth (Figure 7) . That increase ranged 44-66% and 53-79% for the FW and DW, respectively. The ratio, measured on FW basis, tended to decrease in response to the increasing level of water deficit at 15 weeks AFB. Interestingly, at 21 weeks AFB, although the variability of data was high, the greatest values of the mesocarp-toendocarp ratios (both FW and DW bases) were measured at intermediate levels of W w in 2003 ( Figure 7B and D) ; in 2004, the ratios were similar when W w exceeded À2.25 MPa. Very low values of the mesocarp-to-endocarp ratio were measured at low W w (< À2.5 MPa) consistently in both years ( Figure  7B and data not shown). Nor was any apparent relationship between mesocarp-to-endocarp on a DW and W w observed at 20 weeks AFB in 2004 (data not shown).
The number of cells in the mesocarp was unaffected by tree water deficit at 8 weeks AFB ( Figure 8A ). In contrast, the cell size at 8 weeks AFB decreased in fruits sampled from trees that were under severe stress, that is W w < À3.0 MPa ( Figure 8C ) and the relationship paralleled that between mesocarp area and W w . At 21 weeks AFB, the cell size decreased linearly with the increasing level of water deficit, whereas the number of cells at 21 weeks AFB decreased as the W w decreased below À2.5 MPa and seemed unaffected above that range ( Figure 8B and D) .
Discussion
It is well documented for horticultural crops that increasing water availability in the soil increases the final fruit size and changes the fruit size distribution , Naor et al. 2008 . Supplying the same volume of water at different phenological stages produces different effects on fruit size, mesocarp-to-endocarp ratio and oil accumulation (Moriana et al. 2003 , d'Andria et al. 2004 , Lavee et al. 2007 ) and forms the basis for regulated deficit irrigation (Tognetti et al. 2006, Fereres and Soriano 2007) . Effects of water on fruit growth patterns have also been reported for numerous tree crops (Mahhou et al. 2005 , Naor et al. 2008 , Mercier et al. 2009 ). Growth of fleshy fruits is usually demonstrated by well-defined models. The growth of pome and citrus fruits tends to follow a single sigmoid pattern, whereas that of stonefruits, grapes and blueberries is usually described as a double sigmoid (Bollard 1970 , Corelli 
Grappadelli and Lakso 2004).
Olive fruit growth, expressed as volume or FW, reportedly follows a double sigmoid type (Hartmann 1949 ). In the current field experiment, we found that the fruit volume of well-watered trees increased almost linearly between 3-7 and 20-21 weeks AFB. Similar patterns of fruit growth were reported for olive plants grown either in the field or in containers under non-limiting soil moisture conditions (Alegre 2001 , Rapoport et al. 2004a , Lavee et al. 2007 ). On the other hand, when a certain degree of water deficit developed in olive trees, the course resembled the typical double sigmoid (Figure 3 ; Rapoport et al. 2004a , Lavee et al. 2007 . Although more research is needed, we suggest that the double sigmoid pattern, usually reported for olive fruits, pertains to trees under rainfed conditions and is probably the result of water limitations. Investigating the fruit development requires measuring varied growth parameters (Corelli Grappadelli and Lakso 2004) and considering the complexity of fruit tissue composition. In this respect, by measuring fruit volume, weights and transverse areas of the fruit tissues at selected stages of development over a wide range of W w values, we obtained a detailed picture of how different growth components respond to water status. For instance, at the upper extreme of the studied interval (W w values > À1 MPa), we observe that mesocarp transverse area increases about twice from 8 to 15 weeks AFB and three times from 8 to 21 weeks AFB (Figure 4) , whereas at the other end of the gradient, that is W w values < À3 MPa, the increase in area is about 1.5 times from 8 to 21 weeks AFB. Similar increments apply for mesocarp FW at 15 and 21 weeks AFB ( Figure 5 ), but when growth is expressed by DW, the increase from 15 to 21 weeks AFB is greater in the severe stress range (> À3 MPa) than in the well-watered zone ( Figure 4C and D) . Furthermore, over the continuous W w gradient we can detect trends in mesocarp and endocarp that are not apparent when their growth is measured for discrete treatments. For example, the mesocarp FW or DW of the intermediate water deficit status level, reported in Table 1 , is sometimes similar to that of the well-watered trees, but at other times to severely stressed ones. Analogously, evaluating the fruit growth in the range of W w , that is the actual response of each plant to the water regime, reveals differences in the distribution patterns of the mesocarp DW at 15 and 21 weeks AFB (with no effect for W w values < À2.5 MPa at the latter sampling date) that would be undetected if tree water status had been defined according to the original water application treatments.
In the case of olive fruits, the mesocarp and the endocarp are the main tissues and sinks for assimilates. At 21 weeks AFB, the endocarp was as much as 20% and 33% of fruit FW for well-watered and severely-stressed trees, respectively, and, on a DW basis, about 30% and 40%. Also, 
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TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org as expected, although both FW and DW responded to water status, the FW was more sensitive for both tissues. Dry matter accumulation is the result of net carbon assimilation and partitioning, whereas FW depends on both photosynthesis and direct effects on water relations and, thus, one of the reasons why the mesocarp is more responsive to water deficit than the endocarp lies in the lower DW/ FW of the mesocarp. Changes in DW are also indicative of sink limitations (Berman and DeJong 1996) , which in the case of olive fruits mainly appeared at W w > À2 and À3 MPa for the endocarp and the mesocarp, respectively (Figures 5 and 6 ). Although they both have their origin in the pericarp, the mesocarp and the endocarp have a different developmental behavior about composition and timing. The endocarp reaches its final size earlier than the mesocarp (Figure 4 ; Rallo and Rapoport 2001) , and then its cells become highly lignified in contrast to the basically parenchymatic oil-storing cells of the mesocarp. Rapoport et al. (2004a) showed that the capacity of the endocarp to recover once stress was relieved was greater than that of the mesocarp, but this study with longer stress did not confirm those observations. This discrepancy may be due to the timing of stress and how it interacts with periods of growth for the two tissues (endocarp growth is shorter and occurs during the earlier part of fruit growth), or to the more gradual development of stress in the field than in containers. Therefore, what had been considered previously a conservative evolutionary trait of the endocarp (Alca´ntara and Rey 2003) could also be the result of high dry matter content and early growth period. Evolutionary pressures favor large seeds and the conservative nature of the seed as a sink for assimilates. In this respect, the olive endocarp has been considered to be the natural propagule which functions in nature as a seed (Alca´ntara and Rey 2003) . In this study, both the seed and endocarp DWs under highest stress were reduced to 75% that of the well-watered treatment, indicating a seemingly comparable conservative nature for both tissues.
As for mesocarp cellular processes, we confirm that the cell size responds readily to water deficit, as was previously reported in the potted plants experiments (Rapoport et al. 2004a) . Despite the long-term stress, average cell size continued to increase throughout the fruit growth over the whole range of W w values. When fruit growth was complete, cell size and W w were inversely related, presumably due to the direct effect of turgor on cell expansion (Hsiao 1973) . Cell number was relatively insensitive to water deficit at 8 weeks AFB, confirming the earlier reports (Rapoport et al. 2004a) . At high W w , which are commonly reached in irrigated orchards, cell number was unaffected and continued to increase from 8 to 21 weeks AFB, whereas under severe stress conditions the cell number did not increase over that time interval and determined the inverse relationship illustrated in Figure 8B . At 21 weeks AFB, there was a decrease in the mesocarp cell number in trees with W w below À2.5 MPa, which may be explained by the long duration of stress or the gradual/progressive manner by which stress develops in the field. In any case, when interpreting data on number and size of the cells one should be aware of the complexity of interactions between the cell division and the cell enlargement processes in determining cell size (Green 1976 ).
There are some applied implications derived from this study. First, fully satisfying the tree evapotranspirative demand is not strictly needed to achieve maximum mesocarp-to-endocarp ratio, an important quality feature for olive fruits both for table consumption and for oil production. While it is well documented that irrigation increases the mesocarp-to-endocarp ratio when compared with rainfed trees (d 'Andria et al. 2004 , Gomez-Rico et al. 2007 , Lavee et al. 2007 ), we showed that more water does not necessarily mean higher ratios and that some degree of water deficit increases or maintains it similar to that of well-irrigated trees. These results agree with the previous findings of increased pulp/pit ratio in fully-irrigated trees when water was partially restricted at certain stages of fruit development (Lavee et al. 2007) or of excess irrigation (125% of evapotranspiration) that yielded fruits with smaller pulp/pit than 100% or deficit treatments (Gomez-Rico et al. 2007 ). The endocarp does not grow after a certain stage, and water applied afterward only stimulates the mesocarp and results in mesocarp and fruit size, the main determinant of the mesocarp-to-endocarp ratio (Lavee and Wodner 2004) , similar to fully irrigated trees (Lavee et al. 2007 ).
Second, it is possible to identify an optimal range of W w for high mesocarp-to endocarp ratio, similarly to previous findings for oil accumulation, oil composition and quality , Servili et al. 2007 ). This is useful for deficit irrigation scheduling and permits us to reconcile apparently contradictory reports on the effect of irrigation on pulp/pit ratio that likely depended on the degree and timing of the stress treatments that were compared with the wellirrigated controls (d 'Andria et al. 2004 , Lavee et al. 2007 ) and the amount and distribution of rains. In fact, the increase in the mesocarp-to-endocarp ratio that we measured at intermediate levels of stress in 2003 was not apparent in 2004, when that ratio was similar to that of well-irrigated fruits. We suggest that abundant rains that occurred at the end of the summer in 2003, but not in 2004 ), may have caused these different responses. Achieving maximum mesocarp-to-endocarp ratio appears less water demanding than oil concentration (on a dry matter basis) in the mesocarp, which responded weakly at W w above À1.5 MPa ). Mesocarp volume, highly variable across cultivars and genetically determined (Rapoport et al. 2004b) , is nevertheless important for oil production, since this tissue is where up to 98% of the oil accumulates. 
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Third, we previously showed that the interaction between crop load and water status has important effects on fruit size and oil content in the mesocarp. For instance, high crop loads decreased fruit FW at harvest in fully irrigated or deficit irrigated trees, but not in severely stressed olive trees ). This would explain why irrigation affects fruit size differently in high or low cropping years (Moriana et al. 2003, Lavee and Wodner 2004) and likely affects the mesocarp-to-endocarp ratio as well. In this respect, the alternate bearing habit of the olive tree should be duly considered in water deficit experiments as well as the standard cultivation practice of thinning fruits in other stonefruits, such as apricot and peach, may lead to different conclusions on the effect of water deficits on fruit growth from olive, that is usually not thinned.
In conclusion, we elucidated some aspects of the complex, water-induced response in mesocarp and endocarp growth using an experimental approach that excluded artifacts due to root restrictions or to the rapid dynamics of drying and wetting, which often occur when trees are grown in containers. Our results also indicated that understanding the olive fruit tissue development has practical benefits for irrigation management which uses controlled deficit strategies.
